Halohydrin dehalogenase from Agrobacterium radiobacter AD1 is a homo-tetrameric protein containing three cysteines per 28 kDa subunit. Under oxidizing conditions the enzyme was found to be susceptible to inactivation which could be prevented by the addition of ␤-mercaptoethanol or glycerol. Gel filtration experiments and SDS-PAGE analysis revealed that inactivation coincided with monomerization and intramolecular disulfide bond formation. To identify the cysteine residues involved in the inactivation process, a set of cysteine mutant enzymes was constructed. All the purified mutants (C30A, C153S, C229A and C153S/C229A) showed a similar activity as wild-type enzyme, indicating that no cysteine is directly involved in catalysis. The C153S and C30A mutants displayed a higher stability than wild-type enzyme, whereas mutating Cys229 resulted in decreased enzyme stability. SDS-PAGE analysis showed that in wild-type enzyme Cys30-Cys229 and Cys153-Cys229 disulfide bonds were readily formed while almost no formation of the Cys30-Cys153 disulfide bond could be observed. From this, it was concluded that all three cysteine residues are involved in the enzyme inactivation process. The importance of the improved stability of the C153S and C30A mutant enzymes was demonstrated by performing kinetic resolution experiments with racemic 2-chloro-1-phenylethanol, which resulted in higher enantiomeric excess values of the remaining halohydrin when compared to conversions catalyzed by wild-type enzyme.
Introduction
Halohydrin dehalogenases are involved in the degradation of several important environmental pollutants, such as 1,3-dichloro-2-propanol, epichlorohydrin and their brominated analogs [1] [2] [3] . The enzymes were first identified by Castro and Bartnicki in 1968 [4] , and the first purification was reported in 1991 [5] . Since then, several halohydrin dehalogenases were characterized and the corresponding genes were cloned and sequenced [6 -8] . These enzymes catalyze the intramolecular nucleophilic displacement of a halogen by a hydroxyl group in halohydrins, producing the corresponding epoxides, and also catalyze the reverse reaction. For some halohydrins this reaction proceeds with high enantioselectivity, which makes halohydrin dehalogenases valuable tools for biocatalysis [6,9 -11] .
Recently, we have cloned, sequenced and overexpressed the halohydrin dehalogenase (HheC) of the 1,3-dichloropropanol-utilizing bacterium Agrobacterium radiobacter AD1. The enzyme is structurally and mechanistically related to the short-chain dehydrogenase/reductases enzyme family [12, 13] . HheC exhibits remarkable enantioselectivity with a broad range of aliphatic and aromatic halohydrins [13] [14] [15] . However, it was found that the enzyme is easily inactivated, which is a major drawback for biocatalytic application. The three-dimensional structure of the enzyme is not yet known, and the roles for any particular amino acid in enzyme stability have not been identified.
In this paper, we show that the inactivation process is accompanied by monomerization of HheC and intramolecular disulfide bond formation. To identify the cysteine residues that are involved in this process we created and characterized several cysteine mutants yielding two HheC variants displaying an improved stability (C30A or C153S). To illustrate the improved biocatalytic performance of these HheC variants, a kinetic resolution experiment is presented.
Materials and methods

Materials
All standard chemicals were purchased from Sigma, Acros, Merck and Aldrich. Oligonucleotide primers were supplied by Eurosequence BV (Groningen, The Netherlands).
Mutagenesis
For mutagenesis the previously constructed plasmid pGEFHheC was used [13] , which contains the hheC gene (Accession number: AF397296). Mutant enzymes were constructed using the QuikChange site-directed mutagenesis kit of Stratagene (LaJolla, Ca) with pGEFHheC as the template following the recommendations of the manufacturer. The primers that were used and the constructed mutants are summarized in Table 1 . Successful mutagenesis was confirmed by sequence analysis.
Expression and purification
Both wild type and mutant HheC were expressed in Escherichia coli BL21(DE3) [16] as described by Rink et al. [17] . After induction with 0.4 mM IPTG, cells were harvested by centrifugation for purification of HheC. Cells were resuspended in 10 mM Tris/SO 4 buffer (pH 7.5) and all further steps were carried out at 4°C. Cells were washed twice with the same buffer and subsequently resuspended in 10 mM Tris/SO 4 buffer (pH 7.5) containing 1 mM EDTA and 3 mM ␤-mercaptoethanol (TEM buffer).
A crude cell extract was prepared by sonication of the cell suspension followed by centrifugation (200,000ϫ g, 60 min). The supernatants of wild type HheC and mutants were applied to a Q Sepharose column (130 ml, Pharmacia Biotech). For purification the following buffers were used: TEM buffer (buffer A) and TEM buffer containing 0.45 M (NH 4 ) 2 SO 4 (buffer B). Retained protein was eluted with a 3-step increasing linear gradient: 0 to 15% B in 200 ml, 15 to 45% B in 800 ml, and 45 to 100% B in 400 ml. Activity eluted at 100 to 150 mM (NH 4 ) 2 SO 4 , and active fractions were pooled.
(NH 4 ) 2 SO 4 was added to a concentration of 1.5 M and the protein was applied to a Resource Phe column (40 ml, Pharmacia Biotech). Retained protein was eluted with a 400 ml linear decreasing gradient of 1.5 to 0 M (NH 4 ) 2 SO 4 in buffer A, yielding pure protein as judged by SDS-PAGE. Purified enzyme was sterilized using a 0.2 m filter and stored at -70°C.
Enzyme assays
During purification the halohydrin dehalogenase activity was determined by monitoring halide liberation at 30°C using 5 mM 2-bromoethanol dissolved in 50 mM Tris/SO 4 buffer (pH 8.0) [18] . The same assay was used for determining the steady-state kinetic parameters of 1-chloro-2-methyl-2-propanol. For monitoring inactivation of HheC, conversion of the chromogenic substrate p-nitro-2-bromophenylethanol was measured (J. H. Lutie Spelburg et al. manuscript in preparation). The concentration of protein was determined by the Bradford assay [19] . For inactivation experiments, enzyme was incubated at 30°C or 4°C after equilibration with the buffer as described above, on EconoPac 10 DG disposable gel filtration columns (Bio-Rad).
Gel electrophoresis
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was done using 12% polyacrylamide gels. For electrophoresis under non-reducing conditions, ␤-mercaptoethanol was removed from the samples prior to electrophoresis by using an Econo-Pac 10 DG disposable chromatography column. Detection of protein on the gel was carried out by staining with Coomassie Brilliant Blue R-250. Molecular weight standards were phosphorylase b (M r, 94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), soy bean trypsin inhibitor (20.1 kDa), and ␣-lactalbumin (14.4 kDa).
Analytical gel filtration
The molecular weight of the native enzyme was estimated by gel filtration using a prepacked Superdex 200 peptide column (Pharmacia) equilibrated with TEM buffer containing 100 mM NaCl. Immunoglobulin G (Mr, 160 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), and soy bean trypsin inhibitor (20.1 kDa) were used as reference proteins.
Circular dichroism spectroscopy
The far-UV CD spectra of both wild type and the HheC variants were recorded on a model 62A DS circular dichro- Table 1 Primers used for the construction of cysteine mutants
Mutants
Primers
5Ј-GCCCGAGCAGGTGCATCCACCTTGGCAAATGCC and 5Ј-GCGTCTGGTAGTGCTGACTATCTGACCGGC ism spectrometer AVIV by measuring the change in ellipticity in millidegrees. The CD spectra were recorded from 190 to 250 nm using a 0.1-cm cuvette containing 0.1 mg/ml of halohydrin dehalogenase (5 mM potassium phosphate, pH 7.5) at 25°C. Each spectrum shown represents the average of five scans and was corrected for the absorbance caused by the buffer.
Kinetic resolution experiments
A screw-capped bottle containing 100 ml 50 mM Tris/ SO 4 buffer (pH 7.5) was incubated in a waterbath at 40°C. Racemic 2-chloro-1-phenyl-ethanol was added to a final concentration of 5 mM. The reaction was started by adding 0.05 mg wild-type HheC or the same amount of mutant enzyme. The conversion was monitored by periodically taking samples from the reaction mixture. The samples were extracted with diethyl ether containing 0.1 mM mesitylene as an internal standard. Prior to analysis by chiral GC, the samples were dried by using a short column containing MgSO 4 . Separation of both enantiomers of 2-chloro-1-phenylethanol and the epoxide products was performed on a Hewlett-Packard 5890 gas chromatograph equipped with a FID-detector, using a chiral ␤-dex 120 column (col III, 30 m, Supelco) [14] .
Results
Characterization of wild-type halohydrin dehalogenase
Halohydrin dehalogenase from A. radiobacter AD1 was efficiently expressed in E. coli (up to 30% of soluble protein). A three-fold purification (Table 2 ) gave a highly pure (Ͼ98%) enzyme preparation as judged by SDS-PAGE. Under the standard assay conditions, the kinetics of a newly identified substrate, 1-chloro-2-methyl-2-propanol, were evaluated by measuring initial rates of halide production at various substrate concentrations. The enzyme followed Michaelis-Menten kinetics with a k cat value of 109 s Ϫ1 and a K m value of 0.28 mM.
Using SDS-PAGE under reducing conditions, the molecular mass of HheC monomers was estimated to be about 32 kDa, which is slightly larger than the 28kDa predicted by the amino acid sequence. The molecular mass of the native enzyme was about 112 kDa, as determined by gel giltration, indicating that the enzyme is a tetrameric protein containing four identical subunits. This oligomeric composition is identical to that of the halohydrin dehalogenases HheA [7] and HheB [9] from Corynebacterium sp. N-1074. HheC shows a broad pH optimum at around 8 -9 and is most active at 50°C.
Inactivation of wild-type halohydrin dehalogenase
It was observed that during prolonged storage at 4°C in TEM buffer (containing 3 mM ␤-mercaptoethanol), halohydrin dehalogenase (HheC) progressively lost activity (t 1/2 ϭ 120 h). The same was found earlier for a halohydrin dehalogenase that was isolated from a 2,3-dichloro-1-propanol degrading Rhizobium [20] . Furthermore, it was found that in the absence of ␤-mercaptoethanol HheC is rapidly inactivated (t 1/2 ϭ 9 h) (Fig. 1) . Even though the enzyme was more stable when 10 mM ␤-mercaptoethanol was added to the buffer, inactivation could still be observed (ϳ15% after three days). This suggested that even higher concentrations of ␤-mercaptoethanol should be used for complete stabilization and that the inactivation might be caused by the oxidation of cysteine residues in HheC. Indeed, when monitoring the inactivation process by SDS-PAGE under non-reducing conditions, the formation of a second band with an apparent mass of 27 kDa could be always observed in varying amounts ( Fig. 2A) , while the fresh fully active enzyme was resolved in only one major band of 32 kDa (Fig. 2A, lane 2) . The amount of protein in the additional band appeared to correlate with the loss in activity. Moreover, reducing agents could diminish or completely eliminate this band and correspondingly increased the 32 kDa band (data not shown) implying that the 27 kDa band is probably due to the formation of an intramolecular disulfide bond. In addition, none of the samples in Fig. 2A showed a dimer band, indicating that no significant amounts of intermolecular disulfides were formed during the inactivation process. The oligomeric state of the enzyme during inactivation was also monitored using gel filtration (Fig. 2B) . The loss in activity paralleled the appearance of monomeric protein.
Prolonged incubations of wild-type HheC under non-reducing conditions resulted in formation of completely inactive aggregated protein as evidenced by gel filtration (Fig. 2B , line 5) and electrophoresis experiments (Fig. 2A, lane 7) .
To see if the secondary structure changed during the inactivation process, the fully active, fully inactive and partially inactive (90% active) HheC samples were studied by circular dichroism spectroscopy (Fig. 3) . Spectra were recorded in the far UV region. Clearly, partially inactive enzyme (90% active) did not show any secondary structure change compared with the fully active enzyme, while a completely different spectrum was observed for the fully inactive enzyme. The recorded spectrum of fully active HheC displays typical features of a protein containing both ␣-helices and ␤-strands, whereas the fully inactive enzyme appeared to be less ordered [21] .
In order to find stabilization conditions other than using ␤-mercaptoethanol, several compounds (EDTA, bovine serum albumin (BSA) and glycerol) were tested for their stabilizing effect on HheC (Fig. 1) . With both 1 mM EDTA and 0.1% BSA, the inactivation rate was almost the same as with the enzyme stored in 50 mM Tris-sulfate buffer (pH 7.5) indicating that these agents did not have any stabilizing effect. However, glycerol was found to be very effective in stabilizing HheC. Using both ␤-mercaptoethanol and glycerol, the enzyme could be stored at 4°C for at least one week without a significant loss of activity or observable tetramer dissociation.
To investigate whether the inactivation process was reversible, reactivation experiments were performed in the presence of either glycerol and/or ␤-mercaptoethanol in 50 mM Tris/SO 4 buffer (pH 7.5) at 4°C (Fig. 4A) . Partially (75%) inactivated enzyme was obtained by removing ␤-mercaptoethanol from the enzyme buffer and incubating the enzyme for 70 h at 4°C. No activity was restored in the presence of 10% glycerol or 5 mM ␤-mercaptoethanol, while also no further inactivation was observed in those two cases. Partial recovery of activity was observed when both glycerol and ␤-mercaptoethanol were present. The extent of reactivation thus was increased by the presence of high concentrations of ␤-mercaptoethanol. In order to know whether the amount of monomer still coincided with loss of enzyme activity, gel filtration experiments were performed. The results showed that the recovery of the activity again correlated with the appearance of tetramer (Fig. 4B) . These results further confirmed our hypothesis that the inactivation is related to monomerization of HheC, which is accompanied by the formation of intramolecular disulfide bonds.
Stability of mutant enzymes
Since the oxidation of cysteine residues is an important factor in the inactivation process, we assessed the role of each cysteine present in HheC. For this, mutants were constructed in which the individual cysteine residues (Cys30, Cys153 or Cys229) were replaced by either alanine or serine. The C30A, C153S, C229A and C153S/C229A mutant enzymes were well expressed in E. coli BL21(DE3), reaching quantities up to 30% of the total cellular protein similar to what was found with wild-type enzyme, whereas mutants C30S, C153A and C229S were only expressed at a low level (Ͻ5%). Therefore, we purified the C30A, C153S, C229A and C153S/C229A mutant enzymes for further characterization. Almost the same specific activity toward 2-bromoethanol was observed for the wild-type HheC (26.4 U/mg) and the purified single mutants (C30A, 26.3 U/mg; C153S, 24.6 U/mg; C229A, 25.9 U/mg; C153S/C229A, 24.8 U/mg). Clearly, none of the cysteines was required for catalysis.
The stability of the purified mutants in the absence of ␤-mercaptoethanol was compared to that of the wild-type enzyme. Substitution of Cys30 and, particularly, Cys153 greatly stabilized the enzyme (Fig. 5) . In contrast, replacement of Cys229 resulted in an enzyme that was less stable than the wild-type enzyme, also when both 10% glycerol and 1 mM ␤-mercaptoethanol were added for stabilization (data not shown). Therefore, Cys229 seems to be important for the general stability of the protein. To exclude the possibility that incorrectly folded proteins were produced as a result of the mutations, circular dichroism (CD) spectroscopy of wild-type enzyme, mutans C30A, C153S, C229A and C153S/C229A was performed (data not shown). All enzymes displayed essentially undistinguishable CD spectra between 250 nm and 190 nm, indicating that the lower stability of the C229 mutants was not due to a major structural change in these enzyme variants.
␤-mercaptoethanol and glycerol were removed from the enzyme samples by gel filtration (Fig. 6 ). After overnight incubation at 30°C, extensive intramolecular disulfide bonds formation was observed in wild-type enzyme, while less disulfide bonds were found in mutants C153S and C30A. Interesting, disulfide bonds were not formed within the completely inactive mutant, C229A and C153S/C229A. According to gel filtration experiments, the loss in activity of mutants C229A and C153S/C229A still correlated with the appearance of monomers (data not shown). These results indicate that intramolecular disulfide bonds can formed between Cys229 and Cys30 and between Cys229 and Cys153 and that preventing the formation of these disulfide bonds is the main reason for the increased stability of the C153S and C30A mutants. Cys229 appears to be important to maintain the tetrameric state.
Kinetic resolution
Wild-type HheC dehalogenates 2-chloro-1-phenylethanol with a high enantioselectivity (E ϭ 73) for the (R)-enantiomer at 30°C, leaving the (S)-enantiomer behind [14] . When 5 mM racemic substrate was incubated with wildtype HheC or C153S enzyme at 40°C, the initial conversion rates for both wild-type and mutant enzyme were almost the same (Fig. 7) . However, the reaction with wild-type HheC slowed down much faster than that with C153S HheC. No complete conversion of the reacting (R)-enantiomer was achieved with wild-type enzyme. After 5 h an e.e. (enantiomeric excess) of 72% was reached for 2-chloro-1-phenylethanol using wild-type-HheC and a 93% e.e. could be achieved with mutant C153S. The yields of the remaining (S)-enantiomer with these two enzymes were almost the same (wild-type HheC: 45%, C153S HheC: 44%), indicating that the introduced mutation did not cause a loss of enantioselectivity. Clearly, the lower e.e. for wild-type HheC was due to the inactivation of the enzyme and removal of a cysteine residue that can be involved in disulfide bond formation prevented this inactivation. This suggests that such mutant enzymes are valuable for large-scale conversions.
Discussion
Halohydrin dehalogenases, which catalyze the conversion of halohydrins to the corresponding epoxides, have been purified from several bacterial strains. Due to their high enantioselectivity [6, 9, 10, 15] , these enzymes are promising biocatalytic tools. An example is the enzyme from A. radiobacter AD1 (HheC), which shows high enantioselectivity with some halohydrins [14, 15] . The catalytic and biochemical properties of HheC appear to be similar to the dehalogenase Ia [7] from Corynebacterium sp. N-1074 and HheA [5] from Arthrobacter sp. AD2. They have similar subunit molecular weights (dehalogenase I a : 28kDa, tetramer; HheA: 29kDa, dimer; HheC: 28kDa, tetramer), pH optimum (8.5) and temperature optimum (50°C). All enzymes are active with several chlorinated and brominated C2 and C3 halohydrins. The dehalogenases Ia and HheA are relatively stable under normal storage condition. Unfortunately, HheC was found to be easily inactivated, which is a major drawback for its application.
The inactivation rate was reduced by ␤-mercaptoethanol and inactivation was accompanied by formation of intramolecular disulfide bonds. This clearly demonstrates that the oxidation of cysteine residues is critical for the inactivation of HheC. Protein sequence alignment of the two other relatively stable halohydrin dehalogenases Ia and HheA with HheC showed that only the cysteine residue at position 30 of HheC is present in the two other enzymes, excluding formation of an intramolecular disulfide bond. In addition, gel filtration results show that the loss in activity coincided with the appearance of monomeric enzyme. The monomerization of HheC and the formation of intramolecular disulfide bonds seem to be the main reason for the inactivation of the enzyme.
The inactivation rate of HheC could also be decreased by adding glycerol, which is a frequently used stabilizer of protein native structure [22, 23] . It can prevent a protein from unfolding, since the free energy of unfolding is larger in glycerol than in water, probably due to repulsion of glycerol from hydrophobic surfaces of the protein and attractive interactions with protein polar regions. This also reduces the conformational flexibility [24, 25] . In general, unfolding of protein is usually followed by an irreversible Fig. 6 . Non-reducing SDS PAGE of wild-type and mutant HheC during inactivation. Samples were prepared for electrophoresis as described in Fig. 2 with fully active (lanes 1, 3, 5, 7 and 9 ) and fully active enzyme incubated in 50 mM Tris-SO 4 buffer (pH 7.5) overnight (lanes 2, 4, 6, 8 and 10). Lanes 1 and 2, wild-type HheC; lanes 3 and 4, C153S; lanes 5 and 6, C30A; lanes 7 and 8, C229A; and lanes 9 and 10, double mutant C153S/C229A. process, most often aggregation [26, 27] . The observation that the partially inactivated halohydrin dehalogenase did not show a significant change of the enzyme secondary structure, as evidenced by CD spectra, suggests that preventing the enzyme from unfolding is not the real role of glycerol. Instead, the protective effect of glycerol on HheC is more likely due to a shift in equilibrium from the monomeric state toward the active tetrameric state, through the above mentioned repulsion mechanism. This is also supported by the observation that a lower enzyme concentration resulted in a relatively high rate of inactivation.
None of the three cysteine residues present in HheC was essential for catalytic activity. Interestingly, when Cys30 or Cys153 was replaced more stable mutants were obtained. However, intramolecular disulfide bonds could still be formed within these two stable mutants when prolonging the incubation time under the non-reducing conditions (Fig.  6 ), implying that intramolecular disulfide bonds Cys153-Cys229 and Cys30-Cys229 can be formed. Indeed, the rate of formation of intramolecular disulfide bonds and the monomerization rate in these two mutants are lower than in the wild-type enzyme, further confirming our hypothesis that monomerization of HheC and the formation of Cys153-Cys229 and Cys30-Cys229 intramolecular disulfide bonds are the main causes of the inactivation process in wild-type enzyme.
According to the results presented here, a scheme for the inactivation process of HheC can be made (Fig. 8) . We propose that there is an equilibrium between the tetrameric (active form) and monomeric state in solution. The monomeric state can be easily oxidized due to the formation of intramolecular disulfide bonds between Cys30 and Cys229 and between Cys153 and Cys229 under non-reducing conditions. Once an intramolecular disulfide bond is formed, reversion to the tetrameric state is blocked.
Replacing Cys229 resulted in a mutant enzyme that was highly unstable. Inactivation could not be prevented by both glycerol and ␤-mercaptoethanol. No significant amount of intramolecular disulfide bond was formed in mutant C229A. The loss in activity was again accompanied by the appearance of the monomer. A similar observation was made with the double mutant C153S/C229A. Since mutating Cys229 did not affect the enzyme specific activity or the tertiary structure of the enzyme, these results suggest a structural role of Cys229 in maintaining a tetrameric conformation (Fig. 8) .
A similar case of an essential cysteine residue being involved in disulfide bonds formation has been reported for in rabbit muscle creatine kinase [28] . The loss of activity was due to the formation of intramolecular disulfide bonds between Cys282 and Cys73, and Cys282 was found to play a role in substrate binding by maintaining the conformation of the active site. Other enzymes in which a cysteine residue is important for maintaining the oligomeric structure are S-adenosylmethionine synthetase [29] , halohydrin dehalogenase DehA from Arthrobacter erithii H10a [8] , and Escherichia coli RNase T [30] . In case of HheC, the essential role of Cys229 may be related to a position at the interface of the subunits, where it could play a role in maintaining tetrameric state. Structural studies by X-ray crystallographic analysis of HheC should provide a further insight into the role of Cys229.
Wild-type HheC has been found to exhibit a high activity and enantioselectivity toward aromatic halohydrins, such as 2-chloro-1-phenylethanol and m-chloro-2-chloro-1-phenylethanol [14] . However, its application is limited by inactivation of HheC. Two more stable mutant enzymes, i.e. C153S and C30A, were found which showed kinetic behavior similar to wild-type enzyme. The observation that the C153S mutant shows improved performance in a kinetic resolution experiment carried out at high temperature suggests that this enzyme may be more useful in biocatalytic applications.
